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INVESTIGATION OF  BEHAVIOR O F  AN EMBANKMENT 
by 
J .  Vernon P ar cher 
T. Allan Halib ur t on 
INTRODUCTION 
The C it adel building o f  the Salvation Army , located at t he nor th­
wes t corner o f  C heyenne Avenue and Eas t on Street in Tuls a , Oklahoma , 
has undergone s evere s tructural damage s ince i t s  cons t r uction in the 
lat e 1950 ' s ,  f r om crac king of interi o r  walls and movemen t  of f l oor 
s labs ,  grade b e ams , and roof  beams . During the period March , 1969, 
to Jul y ,  1970 , a highway emb ankment a bout 2 5  f t  high was cons tr ucted 
immediately to the nor t h  of the building , as par t  of a grade �s epa­
r at ion on I 244 over Cheyenne Avenue . It has been s ugges ted that t he 
s tru c tural damages may b e  a t t r ib ut ab l e , a t  leas t in par t , t o  the 
pres ence of  the embankment .  
S eeking t o  es t ab l ish the facts o f  the mat ter , the State o f  
Oklahoma , Depar tment o f  Highways con trac ted with the School o f  C ivi l 
Engineering at Oklahoma Sta t e  Univers i ty , under Pro je c t  No. 71-02-0 3 ,  
t o  inves t igat e  b ehavior o f  the emb ankment and det ermine i f  a caus a l  
relationship exis t e d  b e tween cons truct ion o f  t h e  embankment and s truc­
tural damage to t he Salvat i on Army C it adel. 
The autho r s , acting r es pe c t ively as p ro j e c t  d i rector  and p r incip al 
inve s t igator , undertook the inves tigati on on July 1, 1 971 . Results 
o f  the inves t igation are containe d herein . 
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RELEVANT INFORMATION CONCERNING 
THE OSHD EMBANKMENT 
The embankment in question is located immediately north of the 
Salvation Army Citadel, along the route of I 244, and is part of the 
west access to the west-east/east-west four-lane grade separation 
bridge (O SHD Structure No. 17) over Cheyenne Avenue. Information 
concerning pre-design subsurface exploration, design,. and construction 
of the embankment was obtained from official OSHD plans and from 
discussions with Mr. Shepherd, Soils, Foundations, and Liason 
Engineer of the OSHD Materials Division, who was extremely helpful 
in obtaining any information desired by the authorse 
Subsurface·Exploration Prior to Embankment Construction 
Subsurface exploration at the embankment site was carried out 
by the sounding crew of the O SHD Bridge Division, sometime before 
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final FHWA approval of design plans in June, 1967. A total of nine 
borings were made west of Cheyenne Avenue and north of the Salvation 
Army Citadel. Holes were advanced by auger until hard strata were 
encountered, and cores of the hard strata were taken. The soil pro­
file reported for all holes was "soft sandy clay to medium hard shale." 
The original ground elevation in the general area was approximately 
El. 7 16, and "medium hard shale" was encountered at about El. 700 to 
708 at the west e dge of Cheyenne Avenue, with the shale rising to 
about El. 710 to 715 some 65 ft west of the west curb of Cheyenne 
Avenue and 120  ft north of the Citadel. 
Detail of the Embankment 
The portion of the I 244 embankment in question rises approx­
imately 25 ft above original ground level.in the vicinity of the 
Salvation Army Citadel. Parallel with the east edge of the Citadel, 
where the embankment abuts the grade separation bridge over Cheyenne 
Avenue, it is approximately 225 ft wide at the bottom and 1 2 5  ft 
wide at the top. Approximately 140 ft west, parallel to the west edge 
o f  the Citadel , the e mba nkment is a bout 2 75 ft wide at  the b o t tom and 
19 0 f t  wide at the to p.  
The toe o f  the s outh e mbankment s lope t ermin ated'.  above f ive feet 
nor th of  t he C i tade l north wal l ,  and t hi s  s lo pe i s  faced with c oncre te 
t o  prevent ero s i on . A concrete  dit ch has bee n  p laced betwe en the 
C itadel and the s lope toe to carry runof f to the alley wes t of the 
C i tadel. The eas t end of t he emb ankment s lope ;  near:Cheyenne Avenue , 
is containe d  by a cir cular retaining wall connected t o  the wes t 
abutment o f  the grade s epara t i on b r id ge The· relationship b e tween 
C itadel and embankment i s  s ho wn in F igs 1 and 2 .  
The circular s lope r e t a ining wal l  has a multiple founda tion; 
the s ection near es t  t he b r i dge , 26. 9 5  ft in length , is foun ded (a t  
E l . 70 5 ) o n  eleven 1 0BP42 s teel H-piles driven into t he underly in g  
shal e . The remaining 28e0 ft o f  the circular wall is f ounde d o n  a 
s pread f oo t i ng a t  E l.  70 8 ,  d es i gned for an allowable b ea ring p r e s s ur e  
o f  0.7 t ons / f t 2 . 
E mbankmen t  cons t ruction was begun on Mar ch 17, 1969 and about 
80 % of the required fill was p laced by Apr i l  23, 1969, when con­
s truct i on was temporar i ly halt ed . The remaining fill was p l aced 
b e tween June 8,  1970 and July 2 9 ,  1 9 70 .  In the vicinity of t he 
C itadel , the embankment is comple te for I 244 s ur f acin g .  
Before the , l i t t le data were avai lab le concerning 
mat er ial use d  in the embankment ; it was as s umed to be of  qua l i ty 
a c cep table t o  the OSHD Res iden t  Engineer in charge  o f  e mbankment 
con s t r ucti ono Detailed information on emb ankment mat erials was 
ob tained by t he authors and wi ll b e  pre s ented later . The 19 6 7  
Oklahoma S tate  Spe c i f ications Highway governed p lace-
ment o f  f i l l  material s . 
The e nt ir e  emb ankment in the vicini ty of  the Salvation Army 
Ci t adel was caref ully s crutiniz ed by t he a uthor s �  Of p ar t icula r  
int eres t w e r e  any ind ications o f  embankment movement.. As t he s lope 
nort h  of the Citadel is covered wi th concrete , clues to embankmen t 
movement should b e  easily found. 
3 
4 
1 .  Relationship Between Salvation Citadel and O SHD 
Embankment, Looking West from Ground Level 
2 Be twe en S alvation 
Embankment , Looking Eas t  from 
C i tadel and OSHD 
of  Emb ankment 
Ul 
All concrete slope panels were inspected for: cracking and 
relative displacement, and: tar-filled expansion,·joints between the 
panels were inspected for' squeezing or tensile·:cracking. The lightly 
reinforced concrete ditch between the Citadel and: the embankment 
slope toe was carefully inspected for cracking' and1distortion which 
might be caused by slope movemen t. Construction·join ts and f acing 
of the circular slope retaining wall and bridge· abutment were also 
inspected. 
Except for some slight vertical cracking in• the' circular retain­
ing wall, movements noted appeared to result only' from concrete ex­
pansion and contraction. Vertical cracking in• the' circular slope 
retaining wall was observed near the transition from· foundation 
to spread footing; use of a dual foundation for· a·. continuous struc­
ture makes it likely that differential movements will occur. How­
ever, the observed differential movement was less than 1 /8 in. 
Inspection o f  the· other (north) slope of the embankment produced 
similar results. Thus, it appears that the embankment itself has 
undergone , if any, movement since its construc tion. 
RELEVANT INFORMATION CONCERNING THE 
SALVATION ARMY CITADEL 
Information concerning site layout, design� construction 
details of the Salvation Army Citadel was obtained· from the Plot 
and Foundation Plan .§;_ Details for the structure, provided by 
McCune & McCune, and dated August 2 ,  1957. Additional information 
concerning the building was provided by Mr. James G. M cDonald of 
McCune & McCune 
The site of the Salvation Army Citadel was originally a resi­
dential area, with llO ft frontage on Cheyenne· Avenue and 140 ft 
frontage on Easton Street. Original ground contours, converted from 
relative to absolute e levation, were taken from the· Plan and 
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the dire c tion of movement; the and are shown in 
5 .  Similar was observed at the northwest corner of 
the (kitchen s area ) and at the southeast corner 
outside Classroom No. 1 .  
Vert i cal hairline 
outside the south wall of Classr oom No. 1, but the horizontal 
noted in the c oncrete block walls was not noted in the 
exterior b ri ck facing , even opposite the west wall of the ki t chen and 
the north wall of the A for outward 
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of the upper wes t  wall and south wall br i ck was noted but this 
could be attributed t o  poor 
While s t ruc tural exists over a c onsiderable of the 
..... .. ... . .... .. . , the grea test is c oncentrated in three areas. Areas 
o f  are t h e  north wall o f  the , the 
west wall of the kitchen , and the wall and roof of Classro om 
No 1 Behavior at these three areas will be zed in de tail in 
a lat er section. 
SUBSURFACE EXPLORATION AT THE SITE 
Besides the pre- construc tion OSHD 
Division and McCune & McCune , additional were made by 
the OSHD and the authors. One set of soil w as made on 
2 5 ,  2 6 ,  and 27, 1971 the crew of the OSHD Materials 
Division , under the of Mr A 
12 50 was used to advance a 5-inch fishtail bit 
and were removed by compresse d air lift. were made 
acent to the and southeas t  corners of the Salvation 
Army Citadel and thr ough the embankment along the W-E c en t erline o f  
I 244, nor th of the northeast and northwest corners o f  t h e  Cit adel. 
were by tex tural classification and ASTM Standard 
Penet ration Tests were made on strata encountered. Gow spoon 
were taken and final b 
test on obtained 
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were terminated upon hard shale strata The 
obtained were in close with those obtained the authors 
at the same locations, as described below. 
On 12, 13, 14, and 26, 1971 a total of seven 
were made the authors at t he site; site and locations 
are shown in 6.  were made the crew of the 
OSHD Materials Division, a 1250 to advance 
a 5-inch fishtail bit. were removed air lift. 
and were conducted under the 
of the authors and Mr of the OSHD Materials Division. 
were the authors. 
At No. 1 6, continuous tube 
was carried out where 
3.00 in. OD and 2.875 in. ID seamless steel 
tubes made from 
cut from tub 
stock the O SHD Materials Division. Both blunt and tubes 
were used, and all tubes were coated before use with Ultraflex Amber 
talline wax in the Soil Mechanics of the OSU 
School of Civil and more 
undisturbed soil 
Two 12 in in obtained every 3.0 ft 
A total of 69 tube were taken at 
an exact is included as 1. the six 




of the soils could be determined 
le. 
No. 7, made to the north of the embankment the sub-
was determined but no ·tube were taken. 
All 
shale or 
were terminated upon hard laminated blue 
those of the 
formations are 
RESULTS OF FOUNDATION EXPLORATION 
shallow subsurface formations in the Tulsa area are 
Period of the Paleozoic Era. These 
extensive and their existence is well-known 
17 
CRL W-E 171+70.21 CRL I= 19+76.84 CHEYENNE 
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to the authors. The encountered below 
consists of a of stiff to very stiff 
weathered from its material, a 
laminated 
tan laminated 
of very stiff to hard consis that is the next formation en-
countered 
intermediate 
is the name to strata that are in an 
or consolidation between and 
18 
shale; are too hard to be 
tube methods and too soft to be cored 
bits. 
conventional Shelby 
conventional soft formation 
The tan laminated becomes harder with 
depth, and takes on a color. Next b lue to b 
laminated or shale of hard to very hard is 
up to several feet in thicknesso The 
blue shale encountered between 10 and 0 the 
surface in the Tulsa area. 
Laminations of all strata are horizontal, and both 
shale and shale formations are when 
to open from the shales 
are overconsolidated and pressures 
may range between 2 and 5 I 2 
. 1, 2, 3 and 6 made at 
just outside the Citadel the Citadel, on 




7 and indicate a 
the hard laminated 
Period. Below the s 
No. 1, 2, and 6 and below the concrete and sand cushion in 
No. 3,  assorted of moist to very wet 
sand, silt, fine and coarse 
sand, and were found Transitions from one soil to the 
next were rather than distinct, when the hard shale 
strata were encountered. The nature of most soil was 
stiff and , and most strata were dense that 
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The content of the soils· wa.s· very 
tan and blue /gray in color, and undoub was eroded and 
weathered from Period· shale. In many 
cases, clay of blue color were ·as· if a chip of 
blue shale has been surrounded· and weathered. 
The soil encountered is what one· to find in 
a sedimented stream channel This is·.further reinforced 
by the fact that the first Period· strata encountered 
in No. 1, 2, and 6 was the hard blue· 
that the softer 
water action. In 
tan strata· above it·.had been eroded 
No. 3, 1 7 ft of stiff·· ... ........... �,, .... 
tan was found above the blue· shale, 
that the s tream bank at this location 
Blue was encountered .. at· El . . · 692 3 in 
No . 1, EL 6 89 G 5 in No . 2 , and EL . 7 · in· No . 3 In 
No. 6, a layer of hard tan sandstone was encountered at El. 
689. 5 ,  the blue shale which at El�· 685�2. Water was 
encountered in all four of the around the· Citadel, and 
No. 1, 2, and 6 made water ·A· flow of several 
per minute was blown from No. 2 for· five 
and water in No. 6 just the sandstone caused 
s of material, considerable of the 
hole The water table at the site was found to 
exist between El. 695.2 and El. 699 2, 24 hrs. after 
No. 4 and 5 were made the fill the hard blue 
shale of the Period, and were located about seven feet 
north of the south top edge of the fill and a s· close as to 
north-south lines No. 1 and 3. No. 7 was made 
at level immediately north of the fill and· half-
way between No. 4 and 5 Exact locations are shown in 6. 
i s  
As may b e  noted from the o f  and 8 ,  the fill 
of stiff to very stiff, ' and 
The fill material was obtained 
21 
2 2  
from cut at locations on I 244. In No. 5 of brown 
, probably from the upper o f  a cut , and hard-blue and yellow/ 
t an 
with the 
from the lower part of· a cut , are intermixed 
si clay 
Climatic condi ti ons and highway construction in 
Oklahoma r esul t  in s o il compaction of Standard Proctor 
(AASHO T-99) optimum mo istur e  c on t en t , and the fill material 
to be o f  for a few thin at about optimum 
moi s ture . Thus , i t  is doubtful that the fill has or los t  an 
le amount of moisture s ince  i ts construction. 
The f ound at El. 714.8 in No. 4 and 
El. 713. 9 in No. 5 probably indicat e s  the ground level. 
Thi s  indication is further confirme d  in No. 4 the 
soil exis between El 713.0 and 709 6, s imilar to that found in 
No. 1, much s tiffe r. 
Subsurface s tr ata found in 
vanian Period below the 
No. 4 are 
yellow/ tan 
counter ed , t an with 
blue. Hard lamina t ed blue shale is f ound at El� 689�8. 
s tr ata in No. 5 are similar , for  a lack of 
Blue shale is enc ountered at El. 70 1 . 6 .  Two weeks after 
the wat er t able in bo th was found to exist at El 
the line. 
o f  
i s  en-
tr aces of 
Subsurface 
713 , 
No 7 also Period 
and blue shale was found a t  El. 710.1, or 1 1 .5 ft below the surface . 
Bas ed on s oil obtained 
and clas sifications d etermined 
program, it appears tha t  the Salvation 
and on s o il 
Citadel i s  built 
on an old stream channel sediment ed with as s orted· alluvi al 
deposits Per iod hard , laminated blue 
embankment proper is built on 
Period of stiff to very stiff laminated 
very s tiff t o  hard laminated 
23 
hard to very hard laminated blue shale. ·Thus, the fill 
appears to be lo ca ted on the bank of the old stream,- and the  transit i on 
f r om bank t o  stream channel occurs somewhere under· .the south slope of 
the fill. 
LABORATORY TESTING OF SOIL SAMPLES 
tests on tube soil were carried out in 
the So il Mechanic s  ·of the OSU School .of· Civil 
by the author s  and Mr. Donald R .  Snethen, s oils· doctoral c andidate 
and Research As s istant on· the e c t. 
An extensive s eries o f  tests were conducted·,. with· a view toward 
es relevant behavior of· all· .soils encountered 
in Tests conducted included natural·moisture c ontent, 
, cons olidation, direct shear, and un-
confined In most cases, s and consolidation 
tests were car r i ed out on 2.875 in. OD sample s  to· minimize 
dis turbance from 
RESULTS OF LABORATORY TESTING 
Test data wer e  reduc ed and evaluated by the authors and Mr . 
Donald R. Snethen Tes t  results are and.discus s ed b elow 
No. , and will be referred to in later s ections 
Test results from No 1 a r e  s hown in· Table 1 .  
differences in color and textur e  · a  .rather uniform 
exis ts� with natural moisture· contents near or  
above the tic limit. Between EL 705 and· 692 the 
may be clas s ified CL-SM or SM�CL the Unified· Soil· Clas s ification 
The direc t  shear d ata substantiate Field 
7 and 8, as below El. 706 a pattern 
lying sand is no t ed 
of 
of· over-
values o f  cohes ion and 
TABLE 
Elevation Boring Deoth w 
707 6-706 6 4.0- 5.0 20.9 
705.7-704.7 5.9- 6.9 18.8 
.1 7.5- 8 5 18.5 
702.6-701.6 9.0-10.0 19 9 
70L .1 10.5-11.5 18.3 
698. 7.6 12.0-13.0 17.4 
697.1-696.1 13.5-14.5 16.5 
695. 6 14.5-15 5 17.7 
694 1 16" 0-1'7. 0 18.1 
693. 6 17.5-18.5 18.1 
692 • 2 19.0-19.9 15.3 
noted in these 
rocks on failure 
SOIL TEST RESULTS - BORING NO. 1 
Direct Shear 




NP NP NP 0.5 44.0 
31. 9 16.7 16.2 26.0 38.3 
1 
33.4 15.9 17.5 24.0 43.0 
35.6 16.0 19.6 20.5 34.2 
34.6 16.7 17.8 .5 37.2 
32.2 15.1 17 1 38.5 33.0 
1,2 
32.0 17.3 14.7 5.0 45.0 
1'2 
37.2 17.8 19.4 0 0 44 0 
l '2 
36. 18.6 17.8 8 0 48 5 
,2 
32 5 17.6 14.9 8.0 48 5 
















fri ct ion angle <j> for the s andy , as wel l  as t he ver y 
f r i c t ion angle <)> for the c layey  s ands i s  indicative of very dense 
s andy material .  Int er lo ck effe c t s  ( in creas e of volume dur ing con­
f ined shear ) were no ted in the dense sand s amp les , and· give s ome o f  
the s e s o il s  an excep t ionally high f r i c t ion angle ¢. Data for the 
upper laminated c lay- s hale a t  El . 692 . 1-691 . 2 are o f  tho s e  
for  t h i s  material.  
Tes t results  f r om Boring No . 2 are shown in Table 2 As 
in di cate d  in the Fie ld L ogs,  the upp er s trata  are very s ti f f  
t o  hard s andy and c lays,  b e coming s andier wi t h  t h. 
s o i l s  encoun t ered were ver y  f ine , , and dens e t o  about EL 69 5 ,  
where dens e ,  coar s e , s an d  shale , and 
s ands tone chips i n  addi tio n to rather s ticky cla y  was encountered . 
As no ted in Tab le 1 ,  all clayey s a nds had appreciab le cohe s ion (15.2 
to 30.0 p s i )  and f r i c t i on ang le s  approaching and e ven exceeding 
The upp er s tr ata g rade f r om C L- SM t o  CL t o  SM-CL by Unified 
Sys tem whi l e  the lower s t ra t a  g r ade from SM- SF to SC-S F,  nonpla s t i c  
(no p las ti c l imi t ob tainab le)  thei r  no t i ceable clay conten t .  
Tes t results  from Borin g  No . 3 are s hown i n  Tab le 3 .  
s t rata  a t  thi s  l o cat ion are comp o s e d  of ·and clayey s il t , 
t o  dens e f in e  s andy c lay/clayey s and b e low El. 701, nonp l as ti c  
as no t ic l imit could be ob t aine d . Dens e ,  coar s e  s and was en-
countered b el ow El. 694; the fr ac t ion p as s ing the u� S .  No . 40 s i eve 
had s ome t i ci ty .  Direct  shear t e s t s  indi cated  l i t tle c o hes i on , 
but fric tion angles cons is t en t ly exceeded 45°, f r om· effe c t s  o f  inter-
lock . the Uni fi ed S o i l  C las s if ication S ys tem th e' grades 
f r om C L  t hr ough ML to SM- S F, then t hrough SM-CL t o  S C . 
Tes t r e s ul t s  from Boring N o . 4 are s hown in Tab le 4. As may 
b e  s e en , the f i l l  i s  c omp o s ed o f  s ti f f  t o  ver y  s t if f  clay o f  moderat e 
2 5  
. 5-703 . 5 4.0- 5.0 
7 03 . 0-7 0 2 . 0  5 . 5- 6 . 5 
7 01. 5-700 . 5 7.0- 8.0 
700.0-699 . 0  8.5- 9 . 5 
698 . 5-697 . 5  10 . 0-11.0 
696 . 5-695 . 5  12 0-13 . 0 
. 5-689 . 5 18 . 0-19 0 
-
no t ed in these 
r o cks on f ai lure 




LL PL P I  
(%) c <P 
( p s i) 
11 . 2 28 . 4  18 . 8  9 . 6  
20.4 42 . 0  22 . 7 19 . 3 
17 . 9  37 . 3  21. 9  15 . 4  
1 
17 . 7  . 9  19 . 4  15 . 5  15 . 2  44.1 
1 2 
16 . 3  NP NP NP 0 . 0  50 . 0  ' 
1'2 
15.4 NP NP NP 30 . 0  45.0 
14 7 NP NP NP 2 0 . 1  45 . 0 
1 '2. 
Unconfined 
( p s i) 
106 . 6  
5 4 . 0 
63 . 7  
Unif ied 
C las s if ication 
CL- SM 
CL 
C L  
S M- CL 
SM-S F  




Elevation Bor ing Depth 
(ft) 
7 05. 2- 7 0 4. 2 3 . 5- 4 . 5 
702 .  2-701. 2 6 . 5- 7 . 5 
7 00 . 7 - 6 99 . 7  8 . 0- 9. 0 
69 9.2- 6 9 8. 2 9. 5-10.5 
6 9 7. 7 - 69 6 . 7  11. 0-12 . 0 
6 96.2-6 9 5. 2 12. 5-13. 5 
.2- 6 93. 2 14 .. 5-15. S 
692. 7-6 9 1. 7 16.0-17. 0 
in 
TABLE 3 .  SOIL TES T RES ULTS - BORING NO . 3 
Direct Shear 
LL PL PI 
(%) c � 
(deg.). 
18. 3 4 0 . 8  2 1 . 0 19. 2 
14.1 2 9 . 6  21. 7 7 . 9  
l 
19 . 6  NP NP NP 0 . 0  4 7  .. 6 
l 
19 0 NP N P  N P  0.0 47 . 8  
l 
17. 0 NP NP N P  5 . 9 50. 2 
21 .6  2 8 . 7 19.0 9 . 7 
l 
22. 2 30 . 7  17 . 2  13.5 1.2 4 7  .. 8 





S M- S F  
SM- S F  
SM- S F  
S M-C L 




Elevat ion LL 
t ) (%) (f t) 
735.3-734.3 3. 0- 4.0 17.5 43.8 
732. 3-731. 3 6. 0- 7.0 16. 4 4 4. 3 
72 9 • 3-72 8 . 3 9. 0-10. 0 15.2 39.6 
72 6 • 3-72 5 . 3 12. 0-13. 0 13. 8 31. 8 
723. 3-722.3 15.0-16.0 13. 7 35. 4 
720. 3-719.3 18. 0-19.0 17.4 36.3 
717 3-716. 3 21. 0-22. 0 15.4 41.5 
711. 8-710. 8 26. 5-27.5 17.4 28.6 
705. . 3  33.0-33.5 17.6 .8 
703.8-702.8 34. 0-35. 0 14. 7 
TABLE 4. SOIL TEST RESULTS - BORING NO. 4 
Direct  Shear Unconf ine d 
P L PI C omp r e s s ive 
c <t> qu 
(p s i ) (dep) 
23. 3 20.5 56.2 
25.1 19.2 4 9. 8 
19.9 19.7 
20. 6 11.2 31.2 
20. 6 14.8 58. 3 
25.0 11. 3 22. 0 
23.1 18.4 4 5.9 
18.6 10.4 14.0 39.4 
27.7 18.1 52. 4 
46.6 
S . P .  C ompaction 
yd(max) 
(p c f ) (%) 
100 .. 2 19. 8 
101. 8 21. 2 
107.1 18.6 
102. 4 21.1 
Unified  
C las s i fi ca tion 
CL 
C L  
C L  
CL 
CL 
C L  
C L  
ML 
C L  
C L  
N 
00 
p las , a t  natura l moi sture contents b el ow the limi t and 
dry of op timum moi s tur e .  Below t he f i ll,  a· thin of sil ty 
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mat er ial over lies ver y  s t iff clay o f  moderately h ig h  p las t i ci ty ,  
we athered from p arent c lay-shales and exis ting a t  a natural moi s tur e  
con tent cons i derab ly b e low the plastic limit. Except f o r  t h e  ML s i l t y  
s tratum at abo ut E l .  711, the enti re p ro f ile may b e  clas s i fied CL by 
the Unified Sys t em .  
Tes t results  f r om Boring No . 5 ar e  s hown i n  Table 5. The fil l  
mat er i al a t  this location i s  s li gh t ly s t i ff er  than found at Boring 
No. 4, b eing compo s ed of very s ti f f  to hard c lay o f  mod erately high 
p la s t i city,  exi s ting at nat ural moi s tur e  c on t ents cons iderably b elow 
t he p las t i c  limi t and dry o f  o ptimum compa c ti on moisture. A still 
harder la yer of f ill mat e rial b e tween E l .  723.5 and 715.2 was too  hard 
t o  be sampled . J us t above the original ground surface, s ti f f  c lay o f  
high p las t i c i ty is encounte red and the material pelow ground level 
is very stiff to hard c la y  o f  moderate p l as t icity; b elow E l. 709 i t  
was t o o  hard t o  s amp le .  Excep t f o r  the CH .stra ta a t  the b ot t om of 
the e mban kmen t , the entire  pr of ile may b e  class if i ed CL by the Uni f ied 
Sys tem . 
Tes t r esul t s  from Bor ing No . 6 are shown in T a ble 6 .  Soi ls 
en coun tere d in this b o r ing were t he weakes t ,at the s i te ,  with an 
upper pro f i le of s t i cky sandy clay grading t o  s ti cky c layey f ine 
sand with eno ugh c lay  content to produce Atterberg l imit s , then 
gradin g b ack t o  s t i c ky f i ne sandy clay. Howeve r , the lower s trata 
were dens e enough t o  exhibit hi gh an g le s o f  internal friction <f> ,  f r om 
38.7° to 40.4°. The pro f i le b e low El . 699 gra des (b y  the Un if ied 
System) from CL-SM to SM-CL and back t o  CL-SM j ust above the t an 
sandstone shown in Figure s 7 and 8. 
Swell Pressure and Consolidation Data 
Swel l  pressure and conso lidation tests were made on samples f r om 
Elevation 
( ft) (ft) 
736 .2-735.2 3.0- 4.0 
733.3-732.2 6.0- 7.0 
731. 7-730. 7 7.5- 8.5 
730.2-729 .2 9 .0-10 .0 
727. 2-726. 2 12.0-13.0 
725. • 7 13.5-14.5 
724. 2-723. 2 15.0-16.0 
715. 2- 714. 2 24.0-25.0 
712. 2-711. 2 27.0-28.0 
TABLE 5 SOIL TEST RESULTS - BORING NO. 5 
Unconfined S.P. Compaction 
LL PL PI 
(%) yd w opt 
. (pcf) (%) 
16.5 42.0 20.8 21.2 71.5 10 2.0 14.7 
14.2 . 3 25 .2 20.1 
17.6 67.0 
18.2 45.2 21.6 23.6 60.7 9 9 .1 22.5 
14.5 64.3 
14.4 45.4 
8.4 32.9 22.5 10.4 106.7 18.8 
22.4 52.2 27.4 24.8 31.5 9 4.0 24.5 














E levat i on 
( f t )  
6 9 9 . 2-69 8 . 2 7 . 0- 8. 0 
6 97 . 7- 6 96 . 7 8.5- 9 . 5 
69 4.7- 693 . 7  11. 5-12. 5 
6 93 . 2-69 2 . 2 13. 0-14 . 0 
69L 7 - 6 9 0 .  7 14. 5-15. 5 
TABLE 6 .  SOIL TEST RESULTS - BORING NO . 6 
Dir ect Shear 
w 
nat 
LL PL PI 
(%) c <P 
( ps i )  ( deg)  
15.5 33 . 3 16 . 9  16 . 4 
18. 3  32 . 8  18. 0 14 . 8  10. 0 10. 5 
2 4. 6 2 7 . 7  18. 1  9 . 6  
23. 5 26 . 3  18. 4 7 .. 9 10. 0 40 . 4  
2 4. 8 3 1.1 1 8. 2 1 2 . 9  8 . 0 3 8 . 7 
Unified 
C lass if icat ion 
CL- SM 






D ep th 
No . 
1 4.0- 5 . 0  
1 9.0-10 . 0  
1 16 . 0-17 . 0  
1 17 . 5-18 . 5  
4 22 . 5-23 . 5  
4 26 . 5-27 . 5 
4 32.5-33 . 5  
5 24 . 0-25 . 0  
5 27 . 0-28 . 0  
TABLE 7e RESULTS OF SWEL L  PRESSURE AND CON SOLIDATION TESTS 
Pre cons o lida t ion Coeff. o f  
E leva t ion Pressur e  Pre s s ure P 
( ( t s  
c 
707 . 6-706.6 0 . 27 1. 9 0 . 09 5  
702 . 6-701. 6 0 . 57 3 . 0  0 . 133 
69 5 . 6-694 . 6  0 . 99 3 . 2  0 . 104 
69 4 . 2-693 . 2 1 . 04 3 . 8  0 . 084 
715 .  8-714 . 8 1 .  1.35 
711. 8-710 . 8 1 . 62 3.2 0 . 133 
. 8-705 . 8  3 . 10 1.98 3 . 1  0 . 108 
715 . 2-714. 2 2 . 35 1 . 47 
712 .  2-711. 2 2 .  1.65 
effects and y = 120 . 
Void Void 
Ratio Rat io 
at P at 
0 
0 . 620 0 . 605 
0 . 630 0 . 580 
0 . 517 o. 
0 . 517 0 . 491 
0.555 0 . 5 4 5  
0 . 466 0 . 448 
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Borings No . 1 ,  4 and 5 .  Data were ob t a ined t o  e s t imat e  prob ab le 
c ons o lidation o f  the emb ankment and underly ing s o i l . S oi l s  from 
Boring No . 3 were j udged t o o  s andy for  c onsolida t i on testing ; a trial 
tes t on one o f  the s amp les f r om Bor ing No . 3 ind i cat ed only elas ti c 
c ompression o f the s ample and l i t t le detectab le conso li dation b ehavior . 
Data ob tained from the tes t s  indi cat e  that all s amp les were highly 
precons olida t ed . However , all s amp les from Boring No . 1 and the 26 . 5  
- 27 . 5  f t  dep th s ampl e  f r om Bor ing No . 4 did not have dis t inct r e-
compres s ion or compr es s i on curves , their e-log P curves were 
b as i cally curvilinear . S uch b ehavior i s  caused by the high s and / s i l t  
cont en t  of  the s amples , and d e t erminat ion of preconsolidat i on pres s ur e  
P b y  the C as agrande method i s  n o t  reliab le i n  this cas e . O f  more 
c 
interest i s  the fact  that all s amples h ad rather l ow c ompres s ibili ty 
(C � 0 . 1) and exi s t ed in- s i tu at r elatively low void rat io s . The 
c 
voi d  r atios  did not change very much for the range o f  pres s ures 
b etween overburden and p r econs olida tion press ures . 
The remaining f our t es t s  were c onducted on material f r om Borings 
No . 4 and 5 at the b o t t om o f  the emb ankment and on the f irs t very 
s ti f f  clay s t ra tum encoun t ered b elow the embankment .  All t e s t s  
i nd icated swelling p r e s s ures greater than exi s ting overb ur den . These 
s o i l s  will thus swell ins t ead o f  cons o l idat ing if 
to s uf f icien t  moi s ture . 
S ummary 
are exposed 
From tes t on s o i l  s amples ob tained from p eripheral 
b o r ings it may be deduced that , though variab le in cons is t ency , c o lo r , 
and compos i t ion , the s o i l  underneath the S a lvation Army C i t adel is 
b as i ca l ly s andy in natur e  and i t s  c lay con t ent is moderat ely p las t i c , 
wet , and s t i cky . Mos t s andy material grades f ine to very f ine , but 
s ome coar s e  s andy s trata were encoun t er ed . Pract ica all materials 
exis t  in den s e  to very den s e  condition and have high conf ined shear­
ing resis tances and l ow c ompres s ib ilities . 
The OSHD embankment i s  primari ly comp o s ed o f  fairly uni form 
s ti f f  to har d  c lay o f  mod er ate p la s t i c i ty , over lying material of 
s imilar charact eris t i cs . The f il l  mat er ial exi s t s  a t  mois ture con t en t s  
con s iderab ly b el ow the p las t i c  l imi t , and wil l  t end t o  swel l  ins tead 
o f  a s  mois ture b ecomes availab le .  
ELEVAT ION ,  D I STANCE , AND MOVEMENT REFERENCE POINTS 
ESTABLISHED AROUND THE EMBANKMENT AND 
SALVATION ARMY CITADEL 
S everal r ef erence p o ints  were es t ab li shed around the embankment 
and Salvat i on Army C i tade l  t o  determine movement s  o f  the emb ankment ,  
b uilding , and s ur f ace s oi l . Sho r t ly af t er preliminary dis cus s ions 
with the authors in May , 19 7 1 , the O SHD es t ab li shed a l ine of  p oints 
o f  known elevation along the concrete  d rainage d i t ch b etween the 
C i t adel and embankment s outh s lope , to d e termine if horizontal move­
men t of the emb ankmen t  was caus ing s o i l  compres s ion and up thrus t 
agains t the C i tadel nor th wal l . Als o , p o in t s  o f  known location 
wer e  e s t ab li shed on the circular retaining wall a t  the eas t end o f  
the embankment , t o  determine i f  the wal l was moving . To date , 
periodic measuremen t s  a t  these r e fe rence p oints have indicat ed no 
Af ter f ur ther discus s ion b etween the author s  and the O SHD in 
June , 19 7 1 , P las t er of P ar i s  p a t ches wer e p laced acros s  cra cks no t ed 
in the exterior b ri ck facing , as was shown in Fig 5 .  Hairline crack-
was noted acr o s s the s e  pat ches on 16 , 19 7 0 ,  when the 
maximum air t emp er ature was over 100° F .  On 2 5 , 19 7 1 ,  
af t er arr ival of  a cold f r ont , the maximum daily air t emperatur e  was 
in the of 7 
t C i tade l  
F .  o f  the shown in Fig 5 
on tha t dat e  r evealed that the upper 
port ion had moved b e tween 1/ 16 in . and 3 /32 in . to  the s outh . The 
next 26 , 19 7 1 , with the maximum daily air t emperatur e  ab ove 
0 
9 0  F ,  the upp er porti on o f  the wal l  had  r eturned t o  i t s  or iginal 
p o s i t ion and the cracks in the p l as ter pat ches had closed . No o ther 
type o f  movement has b een noted to date at the various plas t er p a t ch 
l ocat ions . 
Dur ing the las t week o f  July , a l ine o f  and dis tance 
control  p oints was es t ab li shed in f ront of  the s outh wal l  of  C i t adel 
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C la s s room No . 1 .  F rom thes e , movement s  o f  the s outh wall 
r e la t ive t o  the ground in the vi c ini ty may be d e t ermined , as  well as 
movemen ts o f  the ground s ur f ac e  relat ive t o  d i s tan t  re f eren ce p oint s . 
To date , no movement has b een noted , b u t  only a very shor t t ime p er io d  
h as 
C on tinued p e riodi c mea s urement s  and ob s erva t ions of thes e 
ref erences , by immedi a t e  data r educt ion , , and 
evalua t i on , w i l l  give int o a c tua l movement c ondit i ons 
occur r ing at the s i te . 
ANALYS I S  OF EMBANKMENT BEHAVIOR 
In the ana lys i s ,  p o ss ib le r e la tionships b etween the c on s truc t i on 
o f  the emb ankment and the f oll owin g  maj or type s  o f  ob s erved s tr uc­
t ur a l  damage to the S a lvat i on Army C i t ade l h ave b een inves t i ga t ed : 
1. Rela tive hor i z on t al d i s p lacemen t  a l ong mor t ar j oi n t s  o f  
the C i tadel nor th concre t e  b lock wal l  the living 
area .. 
2 .  Rel a t ive vert i ca l  d i s p lac emen t  the wes t concre t e  
b t i le wal l i n  the kit chen area and cracking 
in the northwe s t and s outhwes t ki t ch en c orner s . 
3. S outhwar d  hor i z ontal movement o f  wal l  (C las sro om 
N o . 4 )  gr ad e b eam away fr om the f l o or s lab , wi th-
out moving the r es t  of the surrounding s truc tur e . 
The that this damag e  could have b een caus e d  by s lope  
movement and h o r i z on t a l  o f  s o f t s o i l s ·  under the bui ld-
from the of the emb ankmen t  has b een 
s ider ed , a long w i th the inf l uence of a 
sha le on whi ch the may r es t .  
con-
surf ace o f  
S ince there is  n o  imp l ica ti on that t h e  O S HD  i s  r espons ib le f o r  
e xc e s s ive def lect ion o f  the pres t r es s ed "doub le-t ee" , beams f orming 
the r o o f  o f C las s room N o . 1 ,  this i s  only men t ioned . 
From a s oi l s  engine er ing viewp o in t , four modes of 
b ehav i or could cau s e  def ormat ion o f  the emb ankment the s o il 
l o c a t e d  under and a c en t  to i t : 
1 .  Elas t i c  def orma t i on o f  the embankmen t and under lying s o i ls 
under their own 
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2 .  Ho r i z on t a l  d e f o rmat i on of th e s oils under the embankment ,  as 
a r es u l t  of hor i zontal s t r ains induced by vert ical cons o lida-
4 .  
t i on under the o f  the emb ankment ,  and p erhaps 
hor i z ontal d e f o rma t i on o f  the embankment f r om i ts own ver t i cal 
c ons o l i d a t i on .  
f a i lure o f  the emb ankment ,  along a c i rcular o r  
s p lane , o r  along a p lane o f  no t i c e ab le weak-
nes s .  
f ai lure o f  the embankmen t by 
def orma t i on o f  s ub s oi l s  under and 
s low- r a t e  
a c ent t o  t h e  emb ankmen t ,  
as a r es u l t  o f  shear ing s t res s e s  c aus ed by the weigh t  o f  
the emb ankment . 
C ond i t i ons necess ary f o r  o c currence o f  the s e  mod e s  of b ehavior 
wi l l  be d is cus s e d  and r e l a t ed to c ond i t i ons a t  the 
s i t e . 
E l  as 
Elas t i c  v er t i ca l  d e f o rma t i on o f  the emb ankment under i ts own 
w e i ght would h ave o c c ur r ed , or a f t e r , c ons truc t i on .  
Whi le the o f  s uch def orma tions is an inexac t  p r o c es s , an 
e s t imate may b e  mad e .  
The overburden p r es s ur e  a t  the b o t t om o f  the 
emb ankment an aver age of 1 2 0  ) i s  
3 0 0 0  or L 5 0  t ons ( Th e aver age 
o f  the embankment mat erial in Boring N o . 4 i s  4 3 . 9  
s tr eng th 
or 3 . 12 t s f  
t o  , the t i c s ub grade f o r  s u ch 
mat e rial may b e  t aken as ab o u t  1 5 0  t ons / f t
3
. Thu s  an e las t i c  defor-
mat i on of 0 . 01 f t  could b e  f or the b o t t om 1 . 0  f o o t  o f  
emb ankment under the 1 . 5 t s f  p r e s s ur e  the average 
ver t ical d e f orma t ion o f  the embankment a t  half this value , an e las t i c  
ver t i cal d e f o rmat i on o f  ( $ 0 05 o r  1 2 5  f t  t o t a l  
prob ab o c curred . I f  P o i s s on ' s r a t i o  f or the mat e r i a l  i s  t aken 
as 0 . 35 an d an aver age embankment width of 175  f t  i s  a s sumed near 
B or ing No . 4 ,  an aver age hor i zontal deformation·  o f  0 . 31 f t  s hould 
h ave o c c ur r e d  in the emb ankment proper , half to each s ide � 
3 7  
However , a s  the t o e  of · the emb ankment i s  lo ca t ed 5 f t  no r th o f  
th e  C i t ade l , this deformation should have l i t t l e ·  e f f ec t on the b uild­
ing , s imp ly result ing in s li ghtly f la t ter ( and thus - more s tab le ) 
emb ankment s ide s lopes than were or i ginally Als o , the 
emb ankment s l op e s  would res is t hor i z ontal movement o f  the f i l l  p r op e r  
by b erm ac ti on o 
In Boring No . 5 th e  approxima t e  overburden pres sure i s  als o 1 0 50 
t s f  a t  the o r iginal ground level , but the average 
o f  the emb ankment material is at leas t 5 6 -.7 p s i or 3 .  9 6  t s f , 
as s t rata b etween E l . 7 2 3 . 2  and 7 15 . 2  were t o o  h ar d  to . samp le There-
f or e , s li gh t ly les s  embankment d e fo rma t i on should · h ave o c curred near 
Borin g  No . 5 .  
I t  i s  al s o p r ob ab le that hor iz on tal deformation from ver t ical 
elas t i c  c ompres s ion oc curr ed under the f i l l  p roper , b ut f ill i s  
f ounded on rela t ive ly s ti f f  ma t er i a ls wi th a minimum unconf ined 
compres s ive str eng th of 3. 35 ts f and the emb ankment s ide s lo p e s  
wou l d  als o t end t o  r es i s t  la ter a l elas t i c  def orma t ion of material s ­
und er lying the f ill prop er by b erm act ion . In any cas e ,  the mo s t 
convincing p r oof o f  lack o f  s u ch s ub s o i l e las t i c  lateral def orma tion 
is  the C i t adel i ts e l f . Such b ehav ior s hould have no ticeab le 
and s outhward movement a long the entire b o t tom o f  
t h e  nor th C i t ad e l  wall . Also , hor i z on t a l  movement s from ver t i cal 
compress ion shoul d have caus ed no t i ceab le immedi at ely 
adj acen t t o  the f i l l. Such movement s  were no t noted . In , the 
not i ceab l e  r ela t ive wall movement s  o c curred in the 
quar t er s , .  op p os ite  the end of the emb ankment where e las t i c  ver t ical 
deformation o f  b o th the emb ankment and s ub s ur f ac e  s o i l s  would b e  
r educed b y  ver t i cal f r i c ti onal f or ces devel oped 
abutmen t . 
All evi den ce and lo gi c  point t o the very low 
the b r id ge 
of  the emb ankment ma teri als , and o f  the hard c lay� shales on whi ch 
the p rinci p a l  par t s  o f  the emb ankmen t  r e s t . Thus , i t  is concluded 
tha t  e las t i c  def orma t i on of the emb ankmen t  and s o i l , 
o c curring at the t ime o f  cons truct ion , had no no t i c eab l e  e f f ec t 
on the inte gr i ty of the Salvati on Army C i tad el . 
The s econd case o f  b ehavior t o  b e  c on s id ered i s  hor i z ontal or 
lateral expans ion of emb ankment s ub s oi l s  f r om ver t i cal cons o lidation 
under the weight o f  the embankmen t . Vert i cal c onsolidation of the 
emb ankment i t s e lf w i l l  a l s o  be c ons idered . 
Behavior o f  the Emb ankmen t  P roper 
The s ub s ur f ace pro f i le in B or ing No . 4 ind icat ed that the 
wa ter tab l e  exi s t s  a t  the ground s ur f  ace , o ne o f  the 
theo r e t i c a l  f or s ub s o i l  cons o li da tion cont r as t ed 
w i th the mo r e  rap i d  compr es s i onal pro ces s o f  However ,  
only the s i lty and s il ty c lay t op s o i l  encount er ed f r om E l . 7 1 3 . 0 
t o  7 0 7 . 7  was at a natura l mo is ture con t en t high enough t o  fulf i l l  
the theor e t ica l requi r ement s  f or c ons o l ida t ion . C ons o lida tion 
t e s t dat a  on this mater ial was c ompared wi th tha t  of s imi lar s o i l  
f o un d  i n  t h e  upp er of  No . 1 ,  5 5  ft  to  the s outh . 
As des crib ed p revious ly , P curves f o r  b o th were 
curvil inear , thus exac t precons ol ida t i on p r es sure d e t erminations 
ar e no t D ata from the s o il in No . 1 ind i ca t e s  a 
pres sure P of  1 . 9  ts f a s  w i th t h e  pre -
c 
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conso l idati on pre s s ur e  of 3 . 2  tsf ob tained for the s ample f rom B or ing 
No . 4.  Thus i t  appear s that , in a relat ive s ense  at leas t , add i t i onal 
comp re s s ion o f  the t op s o i l under the embankment resulted f r om 
placement o f  the emb ankment , and this cons ol ida tion appears to have 
b een 
From consolida tion t e s t dat a on the s amp le f r om Boring No . 5 
i t  may b e  cons ervat ive ly assumed tha t  the s i l ty s tr at a  f r om El . 
7 13 . 0  t o  El . 7 0 7 . 7 cons o l i dat ed a t o t a l  of  0 . 0 86 f t  or 1 0 3  in � , 
under the central p ar t  o f  the f i l L  V er ti cal consolidation o f  this 
magni tude will produce negli gib le hor i zont al deformat ions , e s p e ci a l ly 
o u t s ide the f i l l  proper . 
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Swe lling pres s ure/ consolida t i on tes t data on s tiff  y e llow/ t an 
laminated clay encountered at EL 7 0 7 .  8 in Boring No . 4 ,  s t ar t ing 
f r om natural moi s tur e  con t ent, indi c at ed a p res sur e  o f  3 . 1 ts f 
or  6 200 p s f , c omp ared t o  a maximum overburden pressure o f  2 . 1  t s f  o r  
4 2 00 p s f  f o r  t h e  embankmen t  and overlying s ub so i l  This means that , 
if  allowed free access t o  water , this s o i l  wi ll swell t the 
weight of the embankment ins tead of consolidating . The s o i l  i s  
extr emely impermeab l e , however , and i ts exi s t ence at  a r e la t ively 
l ow natural mois ture c on t ent may indicate that nei th er swe lling nor 
conso lidation h as actually o c curred . As s trata b elow E l . 707  7 
increase in s trength and no wet o r  water-b earing s trata  were en­
countered i t  is d oub tf ul that the s e  s tr ata have consolidat ed or  
swelled in any appre c iab le amoun t � 
In No . 5 the wat er t ab le als o  exis ts a t  the 
ground s urface , b u t  no t op so i l  was encountered , and the s ti f f  lam­
inat ed yellow / tan c lay at the original ground level had a swel l ing 
p r e s s ure of 2 . 5  tsf or  5 000 p s f , s tar t ing f rom natural water conten t  
A s  the material at ground level was the s o f tes t encountered , i t  i s  
als o doub tful i f  the s ub s o i l  a t  Bor ing No . 5 con s o l i dated ( o r  swelled) 
t o  any ext ent . 
The emb ankment i ts el f  res t s  ab ove the water table ;  thus i t s  
comp r es s ib il i ty i s  inhib i ted b y  lack of  suf f i ci en t  p o r e  wat er t o  
cause high o f  s aturation . Fur thermo r e , overcons olidated 
in- s i tu clays remolded by excavation and of op t imum 
are l ikely to dev e lop c ons iderab l e  swel ling p res s ur e ; values o f  1 . 8 5 
t s f  or  3700 p s f  and 2 . 35 t s f o r  4 7 00 p s f were ob tained f rom s amp les 
of  the comp ac ted shaley clay a t  the b o tt om o f  the emb ankment 
in B orings No . 4 and 5 These dat a , overall 
low natural moi s ture con t ent o f  the f i l l , indicat e  tha t  l i t t le , if 
any , consolida t i on o f  the f i ll i t s el f  h as o ccurred 
While i t  i s  unl ikely that the wat er tab l e  will rise above i t s  
curr ent l ocation , future accumulat i on o f  moi s ture will 
c aus e swel l ing o f  the embankment and no t conso lidation . 
Though dif f i cult i es may b e  encoun t ered wi th the I 244 f r om 
this b ehavior , there will b e  no e f f e c t  on the Salvat i on Army C i t adel . 
Behavior of  the S outh Embankment 
While  no b o r ings were mad e  thr ough the south s lope of  the 
emb ankment ,  ins p e ct ion of s o i l  borings at the toe and cres t p lus the 
p r o file of F i g  9 leads to the conc lus ion tha t  the south s lope r es t s  
par t ly on s ti ff t o  hard l aminated c lays and (no t ed in 
Bor ings No . 4 and 5 )  and par t ly on den s e  s andy mat erial (no t ed in 
Bo rings No . 1 and 3 ) . If anything , the s andy material lo c at ed under 
the s outh s lope should be dens er than tha t  fo und in the old s tr eam 
channel ; i t s  location a t  the s tr eam edge would have sub j e c t ed i t  t o  
mor e  cycles of  f looding and drying . 
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Dens e s andy s o i ls exhib i t  li t t le , if any , t endency f o r  long- term 
c onsolidat i on ; mos t  def orma tion t akes p lace shor tly a f t er the load i s  
applied . Als o , when confined , s uch s o ils def orm s li gh t ly und er 
s tat i c  load ing . Cons o lidati on t es t data on these s o ils , a t  El. 
6 9 5 . 6 - 6 9 4 . 6  and El. 6 9 4 . 1- 6 9 3 . 1  in Boring N o . l , indi cat ed r ather low 
c ompres s ib i li ty , especially in the range of loads pr ovided b y  the 
lower p o r t i on o f  the emb ankmen t  s outh s lop e .  Assuming that a 10 f t  
thick of al luvial s o i l  with the average conso lidat i on prop-
ert ies previous ly des cribed exi s t s  under the of the s lop e , 
where the add i tional f o undat ion pres sure would b e  0 . 7 5 t s f  at the 
original ground sur f ace , the ver t i cal c onso lida ti on may b e  e s t imated 
hori z ont al 
movement would r es ul t f r om s uch small ver tical movement s . 
As the laminat ed c lay s o i ls und er the upper of the s lope 
are more t o  swell than conso l ida t e , i t  i s  als o doub tful tha t  
the sub s oi l under t h e  s ou th emb ankment s lope t h e  s lope i ts elf ) 
has c ons o lidated  to any extent . 
Summary 
Bas ed on res ul ts of engineering t es t s , i t  is doub tful that the 
emb ankment or the s o i l  underneath it has conso lida t ed (or  swelled)  
t o  any appr eciab le extent . If neg ligib le ver t ical movement f rom 
this sour c e  has o ccurred , then even les s hor i zontal movement is t o  
b e  expected . 
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9 Nor th- S outh Profi le Under C i tadel and Emb ankment 
..r:--
1-' 
Salvation Army C itadel .  As the mo s t  c ompres s ib l e  s oil  s trata are 
locat ed near the original ground line , any appreciab le vert i ca l  
con s o li da t ion and hor i z ontal movement shoul d  have pro duced 
no t iceable inward deflection of the C i tadel north wal l  grade b eam , 
displacement o r  b uckling o f  the nor th edge of  the floor s lab abut t ing 
the grade b eam ,  and damage to the lower p ar t  of the outside b ri ck 
facing . 
This comb inat ion o f  b ehav i or has no t o ccurred , and relat ive 
displacement o f  the upper and l ower of the nor th wall was 
noted only in the l iving quart ers , at a location where an 
por t i on o f  emb ankment weight i s  null i fied by ver t i ca l  frictional 
f or ces along the retaining wall and abutmen t . While a s l i gh t  
horiz ontal crack r uns the of the nor th wal l , it has exis t ed 
long enough t o  receive s everal coat s  o f  Fur thermore , i f  
horiz ontal movement o f  upper sub s o il under the emb ankment ( and thus 
the C i tadel ) o c curred , the hor i z ontal movement should be res is ted 
by the s t ruc tural b as ement o f  the C itadel , p roducing upward bulging 
under the kit chen area and als o ro tation of the kitchen wall grade 
b eam . This b ehavior was no t no ted the authors . 
Thus , i t  is conc luded that cons o lidation e f f e c t s  on b o th the 
emb ankment and embankment s ub s o i l  are o f  
have had n o  not i ceab l e  e f f ec t  o n  the s tructural 
Salvat ion Army C itadel . 
magni tude , and 
o f  the 
Two pos s ib le cases  of  s lope failure could exis t for the s outh 
s lope of the embankment �  The f i r s t case would be hor i zontal s liding 
o f  the s lope along the pre-embankment ground line , from lateral 
s o i l  pres sures induced by the embankment . The o ther p o s s ib i lity i s  
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a clas s i c  c i rcular o r  l o g  spiral f ai lure in the s lope material i t s e l f , 
exis s above , a t , or  b elow the toe  o f  the s lope . Thes e 
two cases wi ll b e  analyz ed b e l ow .  Movement o f  the a lluvial s o i ls 
under and adj acent t o  the embankment and s failure a long 
the deeper c lay-shale s trata wi ll be dis cuss ed in the next s e c tion . 
Hori z ontal Sliding S t ab il i ty o f  the S outh S lope 
A s tab il i ty analys i s  was mad e  for the wors t  p o s s ib le cas e o f  
incipien t s li ding , as s uming maximum a t  r es t  earth press ur e  ( K  = 1 . 0 ) 
0 
from the emb ankment proper acting on the s lope .  S liding was assumed 
to occur a long the original ground line . S liding - r es i s tance was 
b as ed on direct  shear tes t da ta from the s il ty top s o i l  found in 
Borings N o . 1 and 4 ,  as this was the weakes t material encountered 
along the original ground l ine . 
The analys i s  indi cated a wor s t - case factor o f  s afety against 
incip ient mov ement o f  2 . 9 .  Thi s  f actor o f  indi cates that 
l i t t le ac tual movement could have p lace , as any s lidin g  a t  all  
would reduce the lateral earth pres sur e  on the s from at-res t 
t oward active value s . For this s trong cohes ive emb ankment mat erial , 
the active ear th pres sure is l ikely to b e  t ensile , and could 
cons ervat ively be t aken as zero . Thus i t  is har d ly p o s s ib le for 
the south s lope to h ave moved to any extent by 
pre-emb ankment ground l ine . 
C las s i c  S lope S t ab i l i ty o f  the South S lope 
along the 
Several clas s i c  s t ab i lity analys e s  were mad e  for the south 
o f  the emb ankment ,  us ing cons ervat ive values o f  c = 3000 p s f  and 
¢ = 0 °  and s everal s lip circle locations . The minimum fac t o r  o f  
agains t s was found t o  b e  6 . 4 ,  high enough to indi cate 
that lit t le , i f  any , shear ing disp lac emen t  in the s lop e c ould have 
o c curr e d .  
S ummary 
The embankment s lope  was found t o  b e  very s t ab le wi th respe c t  
t o  s l i ding o r  c las s i c  s lope f ai lur e . The high f ac tors  o f  s af e ty 
agains t  failure ind i cate tha t  negligib l e  deformations of  the s lope 
have taken p lace under exis t in_g c ondit ions , and thus s lope movement s  
could hardly h ave had not iceab l e  e f f e c t  on the s tructural integrity 
of the Salvat ion Army C i t ade l . 
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Many cases o f  s ub s o i l  under and adj acen t  to  a natura l  
s lope or  c ons truct ed emb ankment hav e  occurred . In more-
or- les s  h omogenous s o i l  depos i t s , this 
s of t  s at ur at ed 
o f  b ehavior i s  no t ed in 
When confronted wi th a s it ua t i on , as was the cas e  her e , in whi ch 
a emb ankment has b een cons tructed over 
des crib ed as t " or "mucky" , one ' s  firs t 
s o i l  s trata 
i s  o f  the 
tha t  the s o ft s o i l  wi l l  b e  s q ueezed 
the emb ankment .  A natural consequen c e  o f  such 
f rom b eneath 
would b e  the 
o f  adj acent s tructures s uppor ted in or on the s lowly 
s o i l  s tratum. This who le phenomenon falls in the r ealm o f  
....... ---.--� behavior , and the presen c e  of a mat erial t o  whi ch 
ti c  may p r op er ly b e  as cr ib ed . If  act i on of  
this typ e o ccurs , the great es t  o c cur in regions o f  
maximum s tr es s  • e .  ' b eneath the f i l l  and are 
f r om thos e  r egions . This  means that the neares t 
the neares t s t ructure are the f irs t  t o  b e  af f e cted  the cre ep 
movements . I t  is  inconceivab le that r emo te o f  an adj a cent 
o f  
s tru c ture c ould b e  by amount s  than those in 
t o  the sourc e o f  d i s turb ance . 
Thus , in the ca s e  ( or in any s imilar 
s i on the exis t ence o f  s o i l  creep , o r  
mus t b e  b ased o n  two 
s trata , i . e .  i s  
natur e  of the 
( the 
t i c  b ehavio r  p o s s ib le or 
, d i s tor t ions or 
, and 
any conclu­
ac tion , 
o f  the s o il 
) the 
that are evident 
in acen t  s truc tures . The s e two c ons iderations are addre s s ed in 
the s ta t ements : 
As may b e  no t ed from the Field Boring L o gs o f  7 and 8 and 
the s o i l  tes 
under the 
results o f  Tab le s  1 ,  2 ,  3 ,  6 ,  and 7 ,  s o i ls 
can hardly b e  characteriz ed as  sof t . Almo s t  
all s ub surface s o i l s  ab ove 
Thes e  s o i ls may b e  dri lled 
are s andy . 
auger o r  f ishtail b i t , and , 
when to the s ur face ,  may be manually deformed 
b as es are 
that the 
d own such a s is mad e  moo t the f ac t  
are t erminated b e fo re r each the hard s tr atum 
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3 .  that a s tructural basement and 9 4  out o f  the 9 7  to tal 
drilled b el l  the s ub s oil under the bui lding b e tween 
the embankmen t and s outh C i t adel wal l , i t  i s  that f orces 
can b e  agains t the thr ee under the south wall 
b eam without a l s o  t o ther or 
b as ement walls , and moving them s outhward als o . I t  i s  much mor e  
tha t  the b as ement wal ls and would b e  
moved s outhward while the s outh wall would t end to remain 
s In the s t i l l  more event that "s queezing" 
o c curred in the f ew f ee t  b e tween the b o t t om o f  the and 
the shale s trata 9)  and then t urned j us t  under 
the s outh wall , r esul t ing wall movement should b e  and 
inward at the , as wel l as southward .  
No s uch movement s  have occur r ed . 
4 .  C i t adel s truc tural movement s  resul t ing f r om s uch s ub s oi l  
movement should also h ave inc luded s outhward movement o f  the l ower 
of b elow the north C i tade l  wal l  
o utward ro tation of  the o f  the wall . Als o , should 
have o c curred under the f loor s lab s north o f  the nor th basement 
wal l . The b eam under the wes t  kit ch en wall would 
have b een to move s and t i lt , as south-
ward s o i l  movement is  redire c t ed by the nor th b a s ement wal l . 
The s outh o f  the Salvation C i tadel should be a f f e c t ed 
much less than the nor th and centr a l  , b ec ause of  
and basement wal l . resis t ance 
5 .  A s  s tr uc tural movement s  o f  the na ture descr ib ed do  n o t  appear 
t o  have o ccurred , i t  i s  concluded that any b as ed on 
c reep movements or f low of the s ub s o i l  mas s  mus t b e  disregarded . 
S ummary 
the of s o ils exis under the . emb ankment and 
S a lvation Army C i t adel  and the type of movements that have occurred  
in the C i t ad e l , i t  i s  unlikely that hor izontal movement 
o f  s ub s oi l , by e i ther soil c reep or s imp le shear deformation , has 
b een caus e d  by the c ons truc t i on of the embankment . 
ALTERNATE HYPOTHES E S  FOR STRUCTURAL DAMAGE 
TO THE SALVATION ARMY C ITADEL 
I t  is no t s uf f i c ient t o  s how that an doub tf ul 
r e la t ionship exi s t s  b e tween c ons truct ion o f  the embankment and damage 
to  the S alva tion Army ' C it ade l . The clos e  o f  the two 
s tructures , as shown in Figs 1 and 2 ,  wi l l  cont inue to raise ques� 
t ions , par t icular ly in the minds o f  l aymen , the c ause s  
o f  s tructural damage t o  the C i t adel . Thus t h e  work cannot b e  
cons idered with out a careful s tudy o f  the damaged cond i t i on 
o f  the C i t adel , wi th the view o f  and rat i ona l 
exp lanat ions o f  the caus e s  o f  damage . 
Caus es o f  s t ructural damage a r e  o f t en d i f f i cult t o  
determine , and the author s  are at  a disadvantage s ince they were no t 
pre s ent during C i t ad e l  cons truc t i on , have no t had a cces s t o  f ie ld 
notes or o ther r e cords , and have not b een abl e  to 
ob s erve the s equence of s t ructural damage 
the building . Nevertheless , af ter damage 
and examining the and f or the 
s t ruc t ur e , o f  s ub s o i l  under the , and the 
c ond i tion of o ther o lder mas onry s tructures in the 
reas onab le hypo thes es may b e  made concerning actual causes o f  
s t ruc tural damage . 
As noted in the s e c t ion on C i tadel s tructural d amage ,  a genera l  
p a t t ern of  mas onry f r om small dif feren tial ver t i ca l  
movements exi s t s  throughout the 
dif ferent i al movement o f  C i tadel 
S everal factors app ear 
as noted previous ly , no  
S uch b ehavior indicates 
and b eams . 
f o r  this b ehavior . Firs t , 
C itadel boring was carried b e low 
E l .  6 9 1 ,  thus the hard b lue shale o f  the P ennsylvanian Period was n o t  
f ound . T h e  deepes t b or in g  was car r i ed t o  2 0 . 0  f t  b e low the s ur fac e , 
approxima t e ly 1 . 5  f t  ab ove the shale at this p oint . The f ive b oring 
logs shown on the o r iginal P l an for the C i tadel do - no t  i nd i ca t e  
t h e  p r es ence o f  any h a r d  s t ra ta . 
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As a r e s ul t , p iers were app ar en t ly f ounded at El 6 9 4 , one t o  f o ur 
f ee t  above the hard b lue shale . Whi le founded in material that shoul d , 
on the average , p rovi d e  the e s t imat e d  2 t s f  a l lowab le c apa c i ty , 
the p la c in g  o f  nume rous p i er s  in an al luvial i s  l ikely to 
result in thei r l o c a t i on on foundati on mat e r i als o f  d i f fe r en t  
s ti f fnes s and comp r e s s ib in d i f f e r en t  amount s  o f  s o i l  
under des ign l oadin g . The us e o f  numerous b e l l  s i z es 
a l l  f ounded at the s ame dep th and p r es umedly c ar ry in g  the s ame uni t  
b earing p r e s s ure f ur ther a ggrav a t es t h e  p r ob lem .  I t  i s  a wel l-known 
f ac t  tha t , in a h omo g enous s o i l  d ep o s i t , a narrow wi ll cau s e  
les s s o i l  c omp re s s ion than a wi de f o o t in g  when b o th a r e  carry ing 
the s ame b earing pres s ur e  The s ame i s  true in var ied al luvi al 
depo s i t s . Finally , it should b e  n o t ed that the & 
called f or the var ious p ie r s  t o  b e  drilled in ma t e r i a l  
and underreamed i n  s ame b e low t h e  wa t er t ab le .  Wh i l e  ver t i cal open 
ho l e s  could b e  main t ained with cas ing , i t  i s  doub tf ul that underreaming 
could have b een d one w i th any , b ecaus e o f  o f  the 
s ubmerged s o i l . As a mat ter of f ac t ,  Mr . McDonald has indi ca t e d  
verb al ly that s ome o f  t h e  h o l e s  wer e  c as ed , and that s ha f t  
diame ters were increas ed t o  b e ar ing a reas wi thou t  a 
f o r  I n  t h e  ab s ence o f  t o  s 
careful f ie l d  r e co r d s  t h e  change s , i t  i s  t o  
e s t imat e  t h e  ext en t  t o  whi ch the s e changes p r es sures 
that were t o  thos e.  p rop o s ed f o r  the b e lled However , in 
v i ew o f  the di f f i cu l t i e s  encoun tered in cons truct i on and th e un-
cer tain t i e s  invo lved in the loads tha t  wi ll b e  d elivered 
t o  th e var ious by the s up er s truc t ur e , i t  is h i gh ly p rob ab l e 
tha t  s ub s t an t i a l  di f ferences in s o i l  p r e s s ur es exi s t  b enea th 
the var ious The s e  diff eren c e s  would also c ontribut e  t o  
dif f er en t i a l  s e t t l ement . 
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It  i s  therefore the o p inion of  the authors that the minor 
differential ver t i cal movement s  experi en ced b y  the s t ru ctural frame 
of the C i tadel are not greater than could have b een expected for  the 
type of  foundat i on employed and cons truc t ion di f f i cul ties encountered . 
Hairline cracking a t  the l ower third p o int o f  exterior concr e t e  
b lo ck walls was noted along the nor th and wes t s ides o f  the C i tade l .  
No t i ceab le rela t ive movement exi s t s  i n  the l iving quar ters . Excep t 
f o r  the wes t  kit chen wal l , all cracking was ob served on wal ls whi ch 
s uppor ted the " doub le-t ee" roof  b e ams As mentioned previous ly , the 
pres t res s ed b eams f r om 35 t o  5 0  f t  in s p an , and 
were tied t o  the c oncrete b lo ck wal l s . A t ar and roof i s  
placed dire c t ly o n  the " doub b eams , poor insula t i on 
agains t amb ient t emperature changes . The rather sparse amount o f  
r o o f  grave l and large amount of exp o s ed dark tar not ed by 
the authors prob ab ly increases thermal changes t o  whi ch the beams 
are expo s e d .  
The c oef f ic i en t s  o f  thermal exp ansi on for  s teel and concrete 
are s imi lar ; thus pres t r es s ing does  no t p rovide res i s t ance t o  thermal 
def ormat i on of the roof  b eams . Such deformations are in 
natur e , as the b e ams grow longer in s ummer and shor t er in winter , and 
when t ied t o  mas onry walls may c ause hor i z ontal and 
relative displacement o f  the walls e The s enior author has en­
coun t ered s everal ins t ances o f  thi s  b ehavior in Oklahoma when precas t ,  
pres t res s ed " doub le tee" beams ( or even expanded s teel j oi s ts ) were 
us ed in long s p an acr o s s  masonry walls . 
The roof  o f  the l iving quarter s , a t  the nor theas t corner o f  
the C it adel , i s  formed by p res tres s ed " doub le tee" b eams 5 0  f t  in 
nor th- s outh , and framed 
chape l  at their s outh end . Thus , 
int o  the inver t ed 
all of  the thermal 
expans ion / contr a c tion of these b eams mus t cause displacement of thei r  
nor th ends , where they r e s t  on t h e  nor th C it adel wall . Ins p e c tion 
o f  the aluminum sheathing nai led t o  the exterior " doub le b e am 
on the eas t C itadel wal l  r eveals a his of 
movemen t .  Mos t  o f  the nails ho lding the sheathing have b een worked 
out ; the r emaining ones are b en t  f r om movements of the " doub le tee" 
b eam relat ive to holes in the aluminum sheathing . 
The 5 0  f t  l ong tee" b eams spanning the qua r ters 
and res t r ained f r om movement a t  their s o uth end could eas i ly undergo 
a s easonal l ength change of 1/4 in . , the amount of relative disp lace­
ment noted in the living q uar t er s  wal l . Wes t  o f  the living quar t ers , 
where the " doub le t ee" b eams span only 35 f t  and are free e ach 
end , lit t le , if any ,  relative wall disp lacement can be s een . 
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I t  is  therefore the opinion o f  the authors that horiz on t al cr ack-
in the north and wes t exterior concrete b lo ck walls was p robab ly 
c aus ed by the rmal movements o f  the precas t ,  p res tres s ed "doub le 
roof  b eams , and that the 3/ 16 t o  1 / 4  in . relative wall disp lacemen t  
in the , as well as the exterior shown in 
5 ,  has p robab ly b een c aus ed by thermal expans ion of  " doub le teen 
roof  b eams . 
I t  was no t ed previous ly tha t  the grade b eam under the wes t 
ki t chen wall had s e t t led and that thi s  movement was not in accord with 
tho s e  t o  b e  f r om ei ther embankment o r  s ub s urface s oi l  
movement .  However , the wes t kitchen wall i s  founded on a 6 . 7 5 f t  deep 
In 
whi ch f o rms the eas t wal l  o f  a f our-f o o t  wide s 
down int o  the C i tadel basement a t  El . 7 0 0 . 
s andy s o ils , is int er -
f r i c t iona l r es is t ance , and this resis t ance i s  a func t ion o f  
normal pres sure i n  the area o f  f o undation ; s uch norma l  
p res s ure i s  by s o i l  overburden . 
C ons t ruct ion o f  the b a s ement entrance the wes t wall 
removes cons iderab le overbu rden f r om one s ide of the 
cen t er on whi ch the k i t chen wal l  i s  founded , the 
and increasing the of  the s o i l  b elow 
the The b earing on the exter ior s ide of the p i er 
would b e  r educed to a value s ub s  les s than that on the in-
ward s ide , and that s et t lemen t  would b e  than f or tho s e  
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where greater s o i l  c onfinement exi s t s . I t  would b e  that the 
greates t s e t tlement would occur wher e  overb ur den r emoval was grea tes t ,  
near �he b o t t om o f  the s tairs , and that the grade b e am and wall would 
r o t at e  s ligh t ly inward b ecause of r educed b earing on the 
ext erior s id e .  The damages ob s e rved and pho togr aphed by the authors 
s uppor t thi s  hypo thes i s . 
I t  i s  therefore the 
kit chen wal l  overburden 
of the authors that removal of wes t 
cons truction o f  a basement entrance-
way i s  as like ly to have led t o  the ob s erved damage o f  the C i tadel 
wes t ki t chen wal l  as any o ther factor � 
As no t ed previous ly b o th the s outh and wes t exterior wal l  grade 
beams in C las s r o om No . 1 have moved away from the 
f lo or slab . The south wall grade b eam has moved the mos t .  As 
d i s cus s ed in the las t  s ec t ion , it is not p os s ib le to as cr ib e  this 
movement s a t is factori ly t o  the inf luen c e  o f  embankment construct ion , 
and an a l ternat e  hyp o thes is for this movement will b e  p res ented . 
As no ted on the C i t adel 
5 . 6 and 6 . 6  ft of fill was 
of the C i tade l 
and shown in 3 ,  b e tween 
over the tern two- thirds 
that the las t s ix inches o r  
s o  would b e  a s and cushion f o r  t h e  C itadel f lo or s lab , b e tween 5 and 
6 f t  of f i l l  would b e  
No ind i ca t i on was g iven the of f i l l used , except 
f or a not a t ion about a the 
and lines .. As no was made the authors inside the 
prop er ty . lines and no f i ll was need ed very f ar outside the 
l in es ( s ee f o r  e s  t ab new s idewalks , the authors 
were no t ab l e  t o  ob t ain o f  f il l  ma t er ia l  f or 
However , a l imited numb er of  and availab l e  
fi ll  materials are availab le in the Tul s a  area . Becaus e o f  b oth 
detrimental con t ent and e conomi c s , it is  doub t ful that the 
contractor would b a ckf i l l  with any of  the various A-hor i zon 
s oils whi ch may b e  
of  availab le f i l l  are 
c las s ed as 1 1  The o ther 
soils f rom Arkansas River 
b o t t om and cohe s iv e  s o i ls weathered from 
and shales of the Pennsy lvanian Perio d � As c onsider ab le d i f ficulty 
would be encountered in p lacing and comp ac t ing an extensive f i ll o f  
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granular material 5 t o  6 f t  deep , i t  i s  t h a t  cohes ive material 
was used f or the f i l l . The normal t endency f or Oklahoma 
i s  t o  dry o f  moi s t ur e , and one may that 
the C i tadel f i l l  was comp ac t ed in this manner 
Since the water tab is c l o s e  to the surface , it may b e  
exp ec ted that c ohesive f il l  mat er ia l  under the c overed area would 
ac cummula t e  moi s t ure wi th t ime , and an increas e i n  
volume V er ti ca l  o f  s o il is  a well-known and 
b ehavior . However , s o i l  volume change o cc ur s  in three 
d imens ions ; Oklahoma the la ter al uni t  expans ion 
is one-half the vert i ca l  uni t L at eral sub -
s oi l  o f  t en caus es 
maj o r  caus e o f  highway 
o f  b as emen t  walls and i s  also  a 
f ai lure in Oklahoma Cond i tions 
necess ary for detriment a l  lateral are a 
material o f  shallow dep th . Ver t i cal 
area o f  
i s  of  t en 
In thi s  ins t ance the area o f  compacted f ill under C las sroom N o . 
1 is  about 4 5  f t  north-wouth and b etween 37  and 45 f t  eas t -wes t. 
o f  the f i l l  mat er i al is r e s t r ained on the nor th the walls 
o f  the s tr uc tural b as ement and on the eas t the r es t  of the C i tadel ; 
t o  the s o u th and wes t  i s  r e s trained by the grade 
b eams and s oi l .  
I t  should b e  no ted that a la teral 0 . 1% over 
the 4 5  f t  o f  f i l l  would the & of 
s outh wal l  movement no t ed by the authors .  Vert i ca l  o f  twi ce 
that amount . 2% )  over the 6 f t  thickne s s  o f  f ill would a 
r i s e  o f  0 . 14 inch , undet e c t ab l e , if i t  
o c curred more o r  less It  should be noted , however ,  that 
ins tances o f  small dif f erential f loor s lab movement wer e  
n o t ed , at  lo cations where trans i t ions b etween f i l l  and natur al ground 
were shown on the C i tadel 
Before c an o c cur , 
then reduced when volume o c curs . 
pressures are 
As ment i oned 
and 
, the 
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s outh and wes t walls o f  C lass r oom No . 1 o f fer  les s r es t o  
movement f r om lat eral pres sure than t h e  o ther s i des o f  the room . 
Swelling press ures on thes e two s i de s  would b e  r es i s t ed by the 
grade b eams and s upp or t ing on which the grade b eams r es t .  As 
the piers were not dri lled int o  the shale , c antilever resi s tance will 
not o ccur and r e s i s t ance to  outward wall movement mus t oc cur f r om 
development o f  p as s ive res i s t ance in f r on t  o f  the b eam and by 
lateral a c tion of the drilled p iers . 
As may b e  s een from the p ro f i l e  o f  F ig . 9 ,  mo s t  o f  the s outh 
wall grade beam is above ground , thus the maj 
mus t be res i s t ed by l at eral act ion o f  the 
b eam . Whi le the o ther walls of  the C i tadel have 
o f  swe lling p res sure 
under the grade 
a t 
relatively c lo s e  intervals the s ou th wal l has , at 
18 ft int erval s , and the upper o f  the s e  a r e  located in 
the weakes t s o i l  (c = 10 . 0  , � = 10 . 5° ) f ound a t  any p o in t  around 
the C itade l . Along the wes t  wall , piers are spaced at 9 . 3  f t  inter­
val s , p rob ab ly accoun t ing f o r  the smaller gr ade beam movement s  
obs erved ther e . 
I t  i s  there f or e  the op inion of the author s  that hor i z ontal 
movement s  o f  grade b eams in C la ss r o om No . 1 ,  and the 
beam the s outh wall , are mor e  t o  hav e  resulted 
from lateral o f  f i ll mat er ia l  placed C i tadel 
c ons truc t i on than from movements by the I 244  emb ankment o  
C ONCLUS ION 
The author s  have car r ied out  an extens ive exp lor a t i on , tes  
and analys is  program t o  determine b ehavior o f  the S alvation Army 
C i tadel and I 244 embankment . In addi t ion , the author s have ob s e rved 
and b o th the emb ankmen t  and the C it adel and have held 
dis cuss ions wi th various interes t ed p ar t i es . 
Base d  on obs ervations of  b ehavior , r esults  o f  , s o il 
tes t ing , movement analys i s , and the 
authors , as in this , the 
j ud gmen t  o f  the 
may be concluded : 
1 .  Ther e  i s  n o  evidence t o  indicate  that either the I 2 4 4  
emb ankment or  the sub s o i l  under and adj acent to  the 
embankment has moved app r e ciab ly . 
2 o  Al te rnat e  and r a t i onal explana tions exis t for  s tructur al 
damage sus t ained by the S alvati on Army C i t adel ; thes e 
exp lana t i ons are not r e la ted t o  c ons t ruct ion o f  the embank­
men t . 
3 .  No caus al r elationship , direct o r  indire c t , was found t o  
exi s t b e tween c ons truct i on o f  the I 2 4 4  embankmen t and 
s truc tural damage s us tained by the Salvat ion Army C itadel . 
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APPENDIX 1 - SHELBY TUBE SAMPLING RECORD 
































4 . 0  - 5 . 0  
5 . 9  - 6 . 9  
7 . 5  - 8 . 5 
9 . 0  - 1 0 . 0  
10 .  5 - 11. 5 
1 2 . 0  - 13 . 0  
13 . 5 - 14 . 5  
14 . 5  - 15 . 5  
16 . 0  - 1 7 . 0  
1 7 . 5  - 1 8 . 5
1 
1 9 . 0  - 19 . 9 2 
20 . 5 - 21. 1 
4 . 0 - 5 . 0  
5 . 5  - 6 . 5  
7 . 0  - 8 . 0  
8 . 5  - 9 . 5  
10 . 0  - 1 1. 0 
1 2 . 0  - 1 3 . 0  
13 . 5  - 1 4 . 5  
18 . 0  - 19 . 0  
2 0 . 0  - 21. 0 3 
3 . 5  - 4. 5 
5 . 0  - 6 . 0  
6 . 5  - 7 . 5  
8 . 0 - 9 . 5  
9 . 5  - 1 0 . 5  
1 1. 0 - 12 . 0 
1 2 . 5  - 13 . 5  
1 4 . 5  - 15 . 5
4 
1 6 . 0 - 1 7 . 0  











V . Hard 











V . E asy 
V . Easy 
V . Easy 
Easy 





*V . Easy - less than 100 p s i  hydrauli c  pres s ure , Easy - 100 p s i , Med . 
Easy - 15 0 p s i ,  Medium - 200 p s i , Medium Hard - 250  p s i , Hard - 300 
1
p s i , V . Hard - 350  ps i (truck l i f t ed ) 
2
Tub e  fas t ening b o l t  twi s t ed - not  high s trength s teel 
3
samp le no t retrieved , Shelby Mandrel b roken , lef t  in hole 
4
Pushed int o  chunk o f  concrete 
Bent sharpened t ub e  on a r o ck 
5 6  
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HOLE NO . DEPTH , FT . TYPE OF PUSH* 
4 4 . 5  - 5 . 5  Easy 
4 6 . 0  - 7 . 0  Easy 
4 7 . 5 - 8 . 5  Medium 
4 9 . 0  - 10 . 0  Med ium 
4 1 0 . 5  - 11. 5 Med . Easy 
4 1 2 . 0  - 1 3 . 0  Med . Easy 
4 1 3 . 5  - 1 4 . 5  Easy 
4 1 5 . 0  - 1 6 . 0  E asy 
4 1 6 . 5  - 17 . 5  Easy 
4 1 8 . 0  - 19 . 0  E asy 
4 1 9 . 5  - 2 0 . 5  Easy 
4 2 1. 0 - 2 2 . 0 5 E asy 
4 2 2 . 5 - 2 3 . 5 Easy/Hard 
4 2 5 . 0  - 26 . 0  Easy 
4 2 6 . 5  - 2 7 . 5  Easy 
4 2 8 . 0  - 2 9 . 0  Easy 
4 2 9 . 5 - 3 0 . 5 Easy 
4 3 1 . 0  - 3 2 . 0  Easy 
4 3 2 . 5  - 3 3 . 5  Med ium 
4 34 . 0  - 35 . 0  Hard 
5 3 . 0  - 4 . 0  Medium 
5 4 . 5  - 5 . 5  Medium 
5 6 . 0  - 7 . 0  Easy 
5 7 . 5  - 8 . 5  Med . Easy 
5 9 . 0  - 10 . 0  Easy 
5 1 0 . 5  - 1 1. 5 Easy 
5 1 2 . 0 - 1 3 . 0  Easy 
5 13 . 5  - 14 . 5  Easy 
5 15 . 0 - 16 . 0  Med . Hard 
5 24 . 0  - 2 5 . 0 Med . Hard 
5 2 7 . 0 - 2 8 . 0  Med . Hard 
5 2 8 . 5 - 29 . 46 V . Hard 
6 4 . 0  - 5 . 0  V . Easy 
6 7 .0 - 8 . 0  Easy 
6 8 . 5 - 9 . 5 V .. Easy 
6 10 . 0  - 1 1 . 0  V . Easy 
6 11. 5 - 1 2 . 5  V . Easy 
6 1 3 . 0  - 14 . 0  V . Easy 
6 14 . 5 - 1 5 . 5  V . Easy 
6 16 . 0 - 16 . 2  V . Hard 
5 
6
Pushed in t o  chunk o f  concr e t e  
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